Uterine luminal epithelium (LE) is essential for establishing uterine receptivity. Previous microarray analysis revealed upregulation of Atp6v0d2 in gestation day 4.5 (D4.5) LE in mice. Realtime PCR showed upregulation of uterine Atp6v0d2 starting right before embryo attachment ∼D4.0. In situ hybridization demonstrated specific uterine localization of Atp6v0d2 in LE upon embryo implantation. Atp6v0d2 encodes one subunit for vacuolar-type H + -ATPase (V-ATPase), which regulates acidity of intracellular organelles and extracellular environment. LysoSensor Green DND-189 detected acidic signals in LE and glandular epithelium upon embryo implantation, correlating with Atp6v0d2 upregulation in early pregnant uterus. Atp6v0d2 −/− females had significantly reduced implantation rate and marginally reduced delivery rate from first mating only, but comparable number of implantation sites and litter size compared to control and comparable fertility to control from subsequent matings, suggesting a nonessential role of Atp6v0d2 subunit in embryo implantation. Successful implantation in both control and Atp6v0d2 −/− females was associated with uterine epithelial acidification. No significant compensatory upregulation of Atp6v0d1 mRNA was detected in D4.5 Atp6v0d2 −/− uteri. To determine the role of V-ATPase instead of a single subunit in embryo implantation, a specific V-ATPase inhibitor bafilomycin A1 (2.5 μg/kg) was injected via uterine fat pad on D3 18:00 h. This treatment resulted in reduced uterine epithelial acidification,
delayed implantation, and reduced number of implantation sites. It also suppressed oil-induced artificial decidualization. These data demonstrate uterine epithelial acidification as a novel phenomenon during embryo implantation and V-ATPase is involved in uterine epithelial acidification and uterine preparation for embryo implantation.
Introduction
A receptive uterus is indispensable for the success of embryo implantation, which is a mandatory step for the success of mammalian reproduction. Precise cellular and molecular mechanisms of how a uterus transforms into a receptive state is far from being well understood [1] [2] [3] . Uterine epithelium includes luminal epithelium (LE) that lines up the uterine lumen and glandular epithelium (GE) that extends from LE into the underlying stromal layer. Luminal epithelium is the first layer of cells that an embryo communicates with for embryo implantation and is also essential for uterine receptive sensitivity [4, 5] . Glandular epithelium secretes molecules critical for embryo development and uterine preparation for embryo implantation [6] . Embryo implantation is associated with dynamic morphological and molecular changes in the LE [7] [8] [9] . It is expected that the dynamic expression of certain genes in the peri-implantation LE will hold a key to understanding mechanisms for the establishment of uterine receptivity. Our microarray analysis reveals Atpase, H + transporting, lysosomal V0 subunit D2 (Atp6v0d2) as one of the most highly expressed and most highly upregulated genes in the gestation day 4.5 (D4.5) LE compared to the preimplantation D3.5 LE [4] . Atp6v0d2 encodes the more tissue-specific d subunit of the vacuolar-type H + -ATPase (V-ATPase). The d2 subunit is potentially involved in assembling the integral V0 domain and the peripheral V1 domain of V-ATPase [10] . The transmembrane integral V0 domain is composed of six subunits (a, c, c , c , d, and e) and involved in proton translocation, while the cytoplasmic peripheral V1 domain contains eight subunits (A-H) and is responsible for ATP hydrolysis [11] [12] [13] . The ATP-dependent proton transport by V-ATPase is from the cytoplasmic compartment to the opposite side of the membrane, which can be either the lumen of intracellular organelles (e.g., lysosomes, endosomes, and secretory vesicles) or the lumen of extracellular environment (e.g., epididymal lumen), to acidify the intracellular organelles or the extracellular environment, respectively [11] . Besides different cellular localizations, different tissue distributions and different utilizations of specific subunit(s) may also contribute to the diverse functions of V-ATPase [14, 15] . V-ATPase is crucial for male reproduction [16, 17] . Most of the V-ATPase subunits are strongly expressed in the apical side of rodent epididymal and vas deferens epithelium to establish and maintain an acidic luminal environment for sperm maturation and storage [18] . The importance of this acidic luminal environment has also been demonstrated in c-ros and forkhead box i1 (Foxi1) deficient male mice, which lack several V-ATPase subunits leading to increased epididymal luminal pH and infertility, with the latter caused by the defective movement of spermatozoa through the female reproductive tract for fertilization [19, 20] .
The potential roles of V-ATPase in female reproduction, especially uterine epithelial function during embryo implantation, are largely unknown. One study demonstrates that three V-ATPase subunits (A, B, and c) are highly expressed in bovine uterine LE at the beginning of embryo-maternal interaction, suggesting potential participation of the uterine V-ATPase in embryo implantation [21] . A histochemical study finds increased lysosomal numbers and activity in D5.5 (postimplantation initiation) rat uterine epithelium compared to that in the nonpregnant state (estrus or diestrus stages) [22] . Lysosome is the most acidic organelle in the cell, and V-ATPase is a key regulator of lysosomal pH [23] . The upregulation of a V-ATPase subunit Atp6v0d2 in D4.5 LE [4] would suggest a potential function of V-ATPase in LE acidification and uterine preparation for embryo implantation. It was therefore hypothesized that Atp6v0d2 upregulation was important for LE acidification, and LE acidification was critical for embryo implantation. This hypothesis was tested using both genetic approach (Atp6v0d2 −/− females) and pharmacological approach (V-ATPase inhibitor bafilomycin A1) in mice. at University of Pennsylvania and genotyped as previously described [24] . C57BL6/129 mixed background WT mice that were not used as a control for Atp6v0d2 −/− mice were derived from our Lpar3 mouse colony [25, 26] . Mice were housed in polypropylene cages with free access to regular food and water from water sip tubes in a reverse osmosis system. The animal facility is on a 12-h light/dark cycle (6:00 AM to 6:00 PM) at 23 ± 1
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• C with 30-50% relative humidity.
All methods used in this study were approved by the University of Georgia IACUC Committee (Institutional Animal Care and Use Committee) and conform to National Institutes of Health guidelines and public law.
Luminal epithelium isolation and uterine tissue collection
Young virgin WT females or Atp6v0d2 −/-females were mated naturally with WT stud males and checked for a vaginal plug the next morning. The day a vaginal plug identified was designated as gestation day 0.5 (D0.5, mating night as D0). D3.5 and D4.5 LE cells were isolated as previously described using 0.5% dispase and gentle scraping [4, 27] . Uterine tissues were collected from euthanized WT females between 11:00 h and 12:00 h on D0.5, D2.5, D3.5, D4.5, and D5.5, and midnight of D4.0. Uterine tissues from Atp6v0d2 −/-females and their littermates were collected between 11:00 h and 12:00 h on D3.5 and D4.5. Both uterine horns from D0.5 and D2.5 females were quickly removed and snap-frozen on dry ice. Oviducts from these mice were flushed with 1 × PBS for the presence of embryos/oocytes to determine the pregnancy status. About one-third of a uterine horn from each euthanized D3.5 female was frozen on dry ice for tissue sectioning. The remaining D3.5 uterine horns were flushed with 1 × PBS (to determine the status of pregnancy and to remove embryos for uterine gene expression study) and frozen on dry ice for realtime PCR. On D4.5 and D5.5, mice were anesthetized with isoflurane by inhalation and intravenously (i.v.) injected with Evans blue dye to visualize the implantation sites as previously described [28] . Uterine horns from D4.5 and D5.5 were frozen on dry ice for RNA isolation and/or tissue sectioning. In addition, flushed uterine horns from pseudopregnant and pregnant mice on D3.5 at 22:00 h were also collected and frozen. At least three pregnant mice were included in each group.
RNA isolation and realtime PCR
For quantitative gene expression in WT females, total RNAs from LE and uterus were isolated using TRIzol, and cDNA was prepared using Superscript III reverse transcriptase with random primers. Realtime PCR was performed in 384-well plates using SYBR Green I intercalating dye on ABI 7900. For quantitative gene expression between Atp6v0d2 −/− and WT females, total RNA from D3.5 and D4.5 uteri and D4.5 LE was isolated using TRIzol, and cDNA was prepared using iSript Reverse Transcription Supermix for Realtime PCR, which was performed in 384-well plates using SsoAdvanced Universal SYBR Green Supermix on CFX384 Real-Time System. Primer sequences were listed in Table 1 . The mRNA expression levels of Atp6v0a1, Atp6v0a2, Atp6v0a3, Atp6v0a4, Atp6v0b, Atp6v0c, Atp6v0d1, Atp6v0d2, Atp6v0e1, Atp6v0e2, mucolipin-1 (Mcoln1), two pore segment channel 1 (Tpcn1), chloride channel, voltage sensitive 7 (Clcn7), cystic fibrosis transmembrane conductance regulator (Cftr), hypoxanthine phosphoribosyltransferase 1 (Hprt1), and glyceraldehyde 3-phosphate dehydrogenase (Gapdh) were determined by realtime PCR. Two housekeeping genes, Gapdh and Hprt1, were used as controls. 
In situ hybridization
In situ hybridization was done as previously described [4, [29] [30] [31] . The primer sequences used for making sense and antisense probes were listed in Table 1 .
LysoSensor Green DND-189 staining
LysoSensor Green DND-189 is an acidotropic fluorescence probe that becomes fluorescent only when it is inside acidic compartments (pKa ∼ 5.2) and its fluorescence intensity correlates with intracellular acidity thus serves as an intracellular pH indicator [32] [33] [34] [35] . To investigate uterine epithelial acidification during estrous cycle (determined by vaginal smear [36] [37] [38] ), early pregnancy, and artificial decidualization [39] in WT mice, as well as in D4.5 Atp6v0d2 −/− females with or without detectable implantation sites, 2 μl of LysoSensor Green DND-189 (2 μM) was injected into both uterine horns ∼20 min before dissection ∼11:00-12:00 h. Uterine horns were frozen on dry ice. Frozen uterine sections were heated at 55
• C for 20 min and detected for fluorescence under a fluorescent microscope with excitation at 488 nm and emission at 505 nm. At least three mice were examined at each time point except for estrous cycle, in which two mice each at proestrus, estrus, metestrus, and diestrus were examined. At least two sections from each uterus were evaluated; for those with implantation sites, at least one implantation site per female and two sections per implantation site were evaluated. were cohabitated with the same stud males. Copulation plug was checked every morning. Cohabitation continued till late pregnancy. Some females had multiple plugs before a term pregnancy occurred. All the females delivered their first litters within 3 to 6 weeks from the first day of cohabitation. Gestation period and litter size were recorded.
Fertility test in
Embryo implantation in Atp6v0d2
−/− females Another set of 2-month-old virgin Atp6v0d2 −/− females (N = 27) and control females (N = 8, Atp6v0d2 +/+ or Atp6v0d2 +/− , littermates to some of the Atp6v0d2 −/− females) were mated similarly as for fertility test. Embryo implantation was detected on D4.5 as previously described [28] . The reproductive tracts of eight Atp6v0d2
females without implantation sites were flushed with 1 × PBS to check the presence of embryos/oocytes. One ovary was fixed for histology.
Uterine fat pad injection
This method was established in rats by Dr. Koji Yoshinaga [40] [41] [42] [43] [44] [45] and was adapted in mice by our group to deliver drugs into the uterus without disturbing the intrauterine environment [39] . Young virgin WT females were mated naturally with WT stud males. Plugged females were randomly distributed into control group and V-ATPase inhibitor bafilomycin A1-treated groups. Bafilomycin A1 specifically inhibits V-ATPase via binding to V0 domain [46] . On D3 at 18:00 h, a small incision was made in the dorsolateral region on the right side of flank under anesthesia with isoflurane inhalation. Five microliter vehicle (20% of ethanol in 1× PBS with blue dye to monitor the injection) or bafilomycin A1 (0.5 or 2.5 μg/kg in vehicle) was injected at 1-2 spots on the adipose tissue next to the right uterine horn only. Implantation sites were detected using blue dye injection [28] on D4.5, D5.5, and D7.5 for vehicle control and 2.5 μg/kg bafilomycin A1 treatment groups, and on D4.5 for 0.5 μg/kg bafilomycin A1 treatment group. If no implantation sites on D4.5 were detected, the uterine horns were flushed with 1× PBS to determine the presence and health status of blastocysts. Uterine tissues were snap-frozen and kept in -80
• C for in situ hybridization and some were also processed for LysoSensor Green DND-189 staining as described above.
Artificial decidualization
Artificial decidualization was induced as previously described [47] . Briefly, sesame oil (20 μl) was infused intraluminally in the right uterine horn of pseudopregnant WT females on D3.5 at 10:00 h (mating night with vasectomized male mice was defined as D0).
On pseudopregnant D3 at 18:00 h, 5 μl of vehicle or bafilomycin A1 (2.5 μg/kg) was injected into the uterine fat pad surrounding the arteries of the oil-infused uterine horn (right side) following the procedure described above. On pseudopregnant D7.5, the females were i.v. injected with Evans blue dye to visualize decidual response similar as to visualize implantation sites [28] , and the weights of the infused (right) uterine horns were recorded. The right uterine horns were frozen for in situ hybridization to detect a molecular marker Abp1 for decidual response [48] .
Statistical analyses
Two-tail unequal variance Student t-test was used to compare the mRNA expression levels, the numbers of implantation sites, and the weights of the right uterine horns. Two-tailed Fisher exact test was used to compare the rates (e.g., implantation rate and delivery rate). The significant level was set at P < 0.05. Atp6v1F, Atp6v1G1, Atp6v1G2, Atp6v1G3, Atp6v1H) in gestation day 4.5 (D4.5) LE compared to D3.5 LE. The differential expression of these genes was modest (<2 fold) except for Atp6v0d2 [4] , which was dramatically upregulated in D4.5 LE. Realtime PCR of isolated LE from D3.5 (preimplantation) and D4.5 (postimplantation initiation) pregnant mice confirmed the dramatic upregulation (>100 fold) of Atp6v0d2 in D4.5 LE compared to D3.5 LE ( Figure 1A ). Realtime PCR of early pregnant uteri demonstrated basal levels of expression in preimplantation uteri by D3.5; >8 fold increase in D4.0 uterus compared to D3.5 uterus and continued increase at D4.5 ( Figure 1B) . In situ hybridization verified the upregulation and LE-specific localization of Atp6v0d2 upon embryo implantation. Atp6v0d2 level was lower in the LE at the implantation site compared to nonimplantation site on D4.5 ( Figure 1E-F2) . No significant expression level of Atp6v0d2 mRNA was detected in other uterine compartments ( Figure 1E2 and F2) . Atp6v0d2 remained highly expressed in the LE on D5.5 (data not shown). The upregulation of Atp6v0d2 was related to pregnancy since a significantly higher level of Atp6v0d2 was detected in the pregnant uterus than in the pseudopregnant uterus on D3 at 22:00 h ( Figure 1G ), right before embryo attachment in pregnant uterus on ∼D4.0 [49] . These results demonstrated that Atp6v0d2 expression in LE was correlated with pregnancy and its upregulation started before implantation initiation and continued during initial stages of embryo implantation. 
Results
Spatiotemporal expression of
Uterine epithelial acidification upon implantation initiation
Atp6v0d2 encodes a tissue-specific d subunit of V-ATPase that regulates the acidity of extracellular lumen pH and pH of intracellular organelles [50] . LysoSensor Green DND-189 was used to detect intracellular acidity because it becomes fluorescent only when it is inside acidic compartments (pKa ∼ 5.2) [32] . This fluorescent dye detected basal levels of fluorescence in preimplantation pregnant D0.5 and D2.5 uteri (data not shown), basal level fluorescence (data not shown), or above basal level fluorescence in the D3.5 uterine epithelium ( Figure 2A and B) ; detectable signals in D4.0 uterine epithelium ( Figure 2C and D) ; stronger signals in D4.5 uterine epithelium, including LE at both implantation site and interimplantation site and GE ( Figure 2E-J) ; as well as in the D5.5 remaining uterine epithelium but not in the D5.5 implantation chamber where the LE surrounding the embryo had disappeared (data not shown). Strong fluorescence was also detected in the pseudopregnant D4.5 uterine horns with artificial decidualization induced by intrauterine oil infusion ( Figure 2K and L) but not in the contralateral uterine horns without oil infusion (data not shown). Fluorescence at basal levels was detected in the nonpregnant uteri at different estrus stages, although the fluorescence in the uterine epithelium at metestrus and diestrus appeared to be above the basal level ( Figure 2M-T) . LysoSensor Green DND-189 staining did not appear to label the uterine stroma and myometrium during early pregnancy ( Figure 2 and data not shown). These data demonstrated increased uterine epithelial acidification during early stages of embryo implantation in mice.
Embryo implantation and fertility in Atp6v0d2
−/− females Since upregulation of Atp6v0d2 correlated with increased uterine epithelial acidification (Figures 1 and 2 ), did Atp6v0d2 subunit play a role in embryo implantation? Atp6v0d2 −/− females (2 months old) from first mating had significantly reduced implantation rate compared to their littermate control females ( Figure 3A-D) . The 15 Atp6v0d2 −/− mice with detectable implantation sites had a comparable number of implantation sites to the control ( Figure 3E ). Among the 12 Atp6v0d2 −/− females without implantation sites, the reproductive tracts of 8 females were flushed, 3 with embryos and 5 without embryos ( Figure 3C ). Interestingly, all the flushed embryos had intact zona pellucida ( Figure 3C ), which is normally present in D3.5 embryos but not D4.5 embryos [28, 51, 52] . In addition, all five Atp6v0d2 −/− females without implantation sites or embryos had corpora lutea ( Figure 3F ), suggesting ovulation had occurred. LysoSensor Green DND-189 detected uterine epithelial acidification in the Atp6v0d2 −/− uteri with implantation sites indicated by blue dye reaction ( Figure 3G ) but not in those without detectable implantation sites, even with the presence of an embryo ( Figure 3H ). Fertility test indicated marginally reduced (P = 0.0897, two-tailed Fisher exact test) delivery rate from the first mating in Atp6v0d2 −/− females compared to that from the littermate control ( Figure 3I ). However, the litter size from those delivered Atp6v0d2 −/− females was not significantly different from the litter size in the control group ( Figure 3J ). The Atp6v0d2
females that did not get pregnant from the first mating eventually became pregnant from the subsequent matings and delivered pups within 6 weeks after cohabitation. They had comparable gestation periods and produced comparable litter sizes as the control (data not shown). These data demonstrate that Atp6v0d2-deficiency affected embryo implantation and fertility in some mice from the first mating only and did not affect the overall fertility, and that uterine epithelial acidification was always associated with successful embryo implantation.
Gene expression in Atp6v0d2 −/− uterus and luminal epithelium
Since Atp6v0d2 encodes only one of the 14 subunits for a functional V-ATPase, it was possible that there were compensatory regulations, especially of Atp6v0d1 that also encodes a d subunit, for the loss of Atp6v0d2 in the uterus and/or LE during embryo implantation. Since the difference in mRNA levels was only observed in some V0 subunits but not any of the V1 subunits between D3.5 LE and D4.5 LE from microarray [4] , all the V0 subunits, together with several lysosomal counter ion channels, were examined using realtime PCR. There were no significant changes in mRNA levels between D3.5 WT and D3.5 Atp6v0d2 −/− uteri except an upregulation of Atp6v0a3 in the D3.5 Atp6v0d2 −/− uteri; no significant difference in mRNA levels was detected between D4.5 WT and D4.5 Atp6v0d2 −/− uteri with implantation sites ( Figure 4A ). Since Atp6v0d2 was mainly detected in the LE and potential changes in LE could be obscured in the whole uterus, D4.5 LE was isolated from WT uteri with implantation sites (+/+ IS), Atp6v0d2 −/− uteri with implantation sites (-/-IS) or without implantation sites (-/-no IS). No significant difference except <1 fold reduction of Atp6v0a3, Atp6v0a4, and Atp6v0e1 in the +/+ IS compared to -/-IS was observed ( Figure 4B ). Several genes, Atp6v0a1, Atp6v0a2, Atp6v0a3, Atp6v0d1, Atp6v0e1, Tpcn1, and Cftr, had <3 fold increased expression in the -/-no IS compared to -/-IS ( Figure 4B ), which might be related to the implantation status because some of these genes, such as Atp6v0a1, Atp6v0d1, and Cftr, showed reduced mRNA levels in D4.5 LE compared to preimplantation D3.5 LE in the microarray analysis [4] . These data indicated no obvious compensatory regulation of related genes at the transcriptional level but did not exclude potential compensatory regulation at other levels than transcription.
Effect of V-ATPase inhibitor bafilomycin A1 on embryo implantation
Since Atp6v0d2 is only one of many subunits for a functional VATPase, the nonessential role of Atp6v0d2 in embryo implantation and female fertility ( Figure 3 ) could not rule out potential function of V-ATPase in uterine epithelial acidification and embryo implantation. Local uterine fat pad injection of 0.5 or 2.5 μg/kg bafilomycin A1 dose-dependently suppressed embryo implantation detected on D4.5 ( Figure 5A-C) . A uterus from 0.5 μg/kg bafilomycin A1-injected group had four implantation sites on the uninjected side and one implantation site on the injected side ( Figure 5B ). The sections from the injected side ( Figure 5B , red rectangle) had dim green fluorescence in the LE surrounding an embryo without blue dye reaction ( Figure 5E , E1), at interimplantation site ( Figure 5F, F1) , or surrounding an embryo with clear blue dye reaction ( Figure 5G , G1), an indication of embryo implantation. The green fluorescence in the LE ( Figure 5D , D1) from the uninjected side ( Figure 5B , gray rectangle) was stronger than that from the bafilomycin A1-injected site ( Figure 5E -G1). Bafilomycin A1 had a similar effect on the green fluorescence intensity in the GE (data not shown) as that in LE. The green fluorescence in the D4.5 uterine epithelium was further lower to barely detectable from mice treated with 2.5 μg/kg bafilomycin A1, especially those without detectable implantation sites (data not shown). These data indicated the inhibitory effect of bafilomycin A1 on uterine epithelial acidification. The effect of bafilomycin A1 on embryo implantation was confirmed by uterine expression of decidualization marker Abp1 [48] , which was detected in the primary decidual zone of an implantation site in a vehicle-injected uterus ( Figure 5A and H) , but not in the stromal area of an implantation site in a 2.5 μg/kg bafilomycin A1-treated uterus ( Figure 5C and I) . The numbers of implantation sites were also determined on D5.5 and D7.5 in vehicle and 2.5 μg/kg bafilomycin A1-treated groups. Bafilomycin A1 treatment significantly reduced the numbers of implantation sites at all three time points compared to vehicle control ( Figure 5J ). No significant difference in the numbers of implantation sites was observed between D5.5 and D7.5 in the 2.5 μg/kg bafilomycin A1-treated group, but at these two time points, the numbers of implantation sites were significantly higher than that at D4.5 ( Figure 5J ) and the implantation sites in the D4.5 2.5 μg/kg bafilomycin A1-treated group were faint ( Figure 5C ), indicating delayed implantation. These data revealed that uterine local fat pad administration of V-ATPase inhibitor bafilomycin A1 not only suppressed uterine epithelial acidification, but also delayed implantation for some embryos, and prevented implantation for other embryos.
Effect of V-ATPase inhibitor bafilomycin A1 on decidualization
To eliminate any potential effect of bafilomycin A1 on embryos in implantation ( Figure 5 ) and to further demonstrate the effect of bafilomycin A1 on uterine function during embryo implantation, uterine fat pad injection of 2.5 μg/kg bafilomycin A1 was performed in an oil-induced artificial decidualization mouse model. Suppression of artificial decidualization upon bafilomycin A1 treatment was indicated by significant reduction of the right (treated side) uterine horn weight on D7.5 in the treated group compared to that in the control group ( Figure 6A-D and H) , as well as reduced expression of a uterine decidualization marker Abp1 [48] in the treated group ( Figure 6F and G) compared to that in the control group ( Figure 6E ).
Discussion
This study demonstrates a novel phenomenon that uterine epithelium becomes more acidic during the initial stages of embryo implantation. Increased uterine epithelial acidity is readily detectable at the time of embryo attachment ∼D4.0 in natural pregnant uterus and in artificially decidualized pseudopregnant D4.5 uterus by LysoSensor Green DND-189 dye, indicating that uterine epithelial acidification is associated with early uterine preparation for embryo implantation in the presence of an embryo or other stimulus, such as oil, in the uterus. Although no report is available in the literature about uterine epithelial acidification upon embryo implantation in any species, the following studies imply that uterine epithelial acidification might be a common phenomenon. Striking increases in enzymatic activity of acid phosphatase, which is stored in the lysosome and requires optimal acidic pH, were observed in the uterine LE during initial stages of embryo implantation in rat, mouse, and rabbit [53] . Increased lysosomal numbers and activity were found in D5.5 rat uterine epithelium (postimplantation initiation) compared to nonpregnant state (estrus or diestrus stages) [22] . Transmission electron microscopic study of bovine endometrium detected lysosomes and autolysosomes in the LE at the initial stages of embryo implantation [54] . Three VATPase subunits were highly expressed in the bovine LE during early stages of embryo implantation and became pericellularly localized, instead of the apical localization seen in the nonpregnant LE [21] . Although no human uterine epithelial data are available, microarray data (identifier GSE6364) of human endometrium at proliferative and secretory phases in normal and endometriosis patients revealed significant upregulation of several highly expressed V-ATPase subunits in the secretory (receptive) phase but such upregulation was abolished in the endometrium of endometriosis patients [55] . The underlying mechanisms for uterine epithelial acidification upon embryo implantation have never been investigated.
LysoSensor Green DND-189 becomes fluorescent only when it is inside acidic compartments (pKa ∼ 5.2) [32] . Since the lysosome is the most acidic intracellular organelle with pH < 5 [50, 56] , uterine epithelial acidification detected by LysoSensor Green DND-189 most likely indicates lysosomal acidification, although acidification of other intracellular organelles could not be ruled out. Lysosome acidity is mainly maintained by ATP-driven proton pump V-ATPase coupled with additional ion transporters to dissipate the transmembrane voltage built up by V-ATPase [57] .
V-ATPase is a complex enzyme composed of multiple subunits [14] . Some subunits have multiple isoforms, e.g., a subunit has four isoforms (a1, a2, a3, and a4) identified and d subunit has two isoforms (d1 and d2) identified [58, 59] . Despite amino acid sequence similarity, different V-ATPase subunits can have differential expression patterns. For example, a1 is ubiquitously expressed [59] ; a2 is highly expressed in the lung, kidney, and spleen [60] ; a3 is mainly detectable in osteoclasts [15] ; and a4 is expressed in the kidney and male reproductive tract [18, 58] ; d1 is ubiquitously expressed [14] , whereas d2 is more dominant in kidney, lung, and osteoclast [61] . The expression patterns of the V-ATPase subunits in the peri-implantation uterus had not been previously investigated. Our previous microarray analysis [4] and this study demonstrated the most dramatic upregulation of Atp6v0d2 mRNA, moderate differential mRNA expression of some other V0 subunits, and no change of mRNA levels of V1 subunits in the uterine LE upon embryo implantation, indicating the differential expression and regulation patterns of V-ATPase subunits in the uterine LE.
Although the precise functions of each V-ATPase subunit are not fully understood, the differential expression patterns of VATPase subunits would suggest potentially different functions of the subunits. Indeed, limited data have demonstrated that mutations in ATP6V1B1 cause distal renal tubular acidosis in patients [62] , mutations in ATP6V0A4 are associated with atypical progressive sensorineural hearing loss and distal renal tubular acidosis [59, 63] , while Atp6v0d2-deficiency in mice results in impaired osteoclast fusion and increased bone formation [24] . Although Atp6v0d2 mRNA was highly upregulated in the LE upon embryo implantation, Atp6v0d2 −/− females had reduced implantation rate only from the first mating and they had comparable overall fertility as agematched control, indicating that Atp6v0d2 was not essential for embryo implantation or female fertility. V-ATPase, together with other ion channels, such as cystic fibrosis transmembrane regulator, Cl − /HCO3 − exchanger (SLC26A6), sodium-hydrogen exchanger-1, CA isoenzymes II and XII [64, 65] , and possibly epithelial Na + channel [66] , also regulates uterine lumen pH. Based on the reduced D4.5 implantation rate and retained zona pellucida of D4.5 blastocysts from Atp6v0d2 −/− females without implantation sites in the first mating, Atp6v0d2-deficiency might initially affect the uterine lumen pH, thus timely blastocyst development and hatching from zona pellucida for embryo implantation in some Atp6v0d2 −/− mice, which subsequently adapted to Atp6v0d2-deficiency and had normal fertility. It was noticed that Atp6v0d2 mRNA in the D4.5 LE at the implantation chamber was lower than its level in the D4.5 LE at interimplantation site, whereas D4.5 LE acidification at implantation site was comparable, if not stronger, than that at interimplantation site; and that upregulation of Atp6v0d2 mRNA upon embryo implantation was mainly detected in the LE but not in the GE, yet GE and LE had comparable acidification upon embryo implantation. These observations suggest that Atp6v0d2 subunit may not play an important role in LE acidification at the implantation site or in GE acidification, and different mechanisms may be involved in regulating acidification of LE at the implantation site and the interimplantation site, and acidification of GE upon embryo implantation.
V-ATPase activity is regulated at multiple levels, such as transcriptional and/or translational regulation of subunits, domain assembly, alternative subunits (e.g., Atp6v0d1 also encodes a d subunit), and targeting of subunits to specific membranes [11] [12] [13] 67] . No significant compensatory transcriptional regulation of V0 subunits (especially Atp6v0d1) and counter ion channels in D4.5 Atp6v0d2 −/− LE coupled with no obviously impaired fertility in Atp6v0d2 −/− females suggests nonessential role of Atp6v0d2 subunit in embryo implantation, and/or compensatory regulations of other V-ATPase subunits and/or counter ions at levels other than transcription, such as translation, domain assembly, etc. [11] [12] [13] 67] . The data from Atp6v0d2 −/− females cannot exclude potential function of V-ATPase as a whole unit in embryo implantation.
To determine the potential function of V-ATPase on embryo implantation, we took advantage of a pharmacological approach using the specific V-ATPase inhibitor bafilomycin A1 [68] coupled with uterine fat pad injection [39] [40] [41] [42] [43] [44] [45] . We noticed that the lower dose of bafilomycin A1 (0.5 μg/kg) via uterine fat pad injection caused an adverse effect mainly on the injected side, while the higher dose (2.5 μg/kg) had an adverse effect on both uterine horns, suggesting that sufficient levels of the drug might be transported to the uninjected uterine horn through the local uterine blood supply. The data from uterine fat pad injection of bafilomycin A1 demonstrated a critical role of V-ATPase for uterine function in embryo implantation. However, with this approach, the roles of V-ATPase in different uterine compartments (e.g., uterine epithelium, stroma, myometrium) on embryo implantation could not be differentiated.
This study demonstrated the novel phenomenon of uterine epithelial acidification upon embryo implantation and the involvement of V-ATPase in regulating uterine epithelial acidification and uterine preparation for embryo implantation. V-ATPase plays an essential role in regulating lysosomal acidification [23] , which affects the functions of lysosomes in intracellular metabolism and nutrient homeostasis in many cell types [69] . The molecular mechanisms for lysosomal acidification in uterine epithelium as well as the functions of uterine epithelial acidification in the initial uterine-embryo communications and uterine epithelial-stromal paracrine communications remain to be investigated.
